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Abstract 

Fundamental Studies and Isolation Strategies 
for Metal Compound Nanoclusters 

Michael A. Duncan 

Department of Chemistry, University of Georgia, Athens, Georgia 30602-2556 

Objective: The goal of our research is an understanding of metal-metal and metal-ligand 

bonding relevant for the discovery of new nanocluster materials and the design of nanocluster 

catalysts. Metal bonding is fundamental in Chemistry, but these interactions are problematic for 

current theoretical methods. Laboratory measurements are therefore essential to guide the 

improvement of theory and to discover new materials. Because theory has limited predictive 

power, unanticipated structures may yet be discovered for metal-containing nanoparticles or 

their aggregates. Fundamental studies reveal the principles governing cluster growth, stability, 

and reactivity, thus enabling the rational design of nanocluster materials. We work to discover 

these principles and to apply them for real nanoparticle synthesis on a macroscopic scale. 

Approach: Our approach is to study the properties of metal clusters in molecular beams, 

where experiments are possible with size selection and an exact knowledge of composition. 

Clusters are produced with pulsed laser vaporization , detected with time-of-flight mass 

spectrometry and studied with new forms of infrared laser spectroscopy. These studies focus 

on transition metal compounds (carbides, oxides, silicides) that are expected to have high 

stability, an essential property for their isolation. Photodissociation and IR spectroscopy 

experiments reveal stability and bonding patterns. However, clusters containing transition 

metals are often highly reactive. This forms the basis for catalytic activity, but it also introduces 

difficulties in their isolation as small particles. To understand catalytic activity and to design 

inert coatings for nanoclusters, we investigate their surface chemistry via adsorption of small 

molecules. In a parallel and co-dependent line of work, we employ a new flowtube reactor for 

macroscopic synthesis of ligand-coated nanoclusters. This device employs a high throughput 

laser vaporization source, a flow reactor for the application of ligand coatings and a low­

temperature isolation trap for collection of ligand-coated nanoclusters in solution. 
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Statement of Objectives 

Fundamental Studies and Isolation Strategies 
for Metal Compound Nanoclusters 

Michael A. Duncan 

Department of Chemistry, University of Georgia, Athens, Georgia 30602 

Metal-containing cluster molecules and nanoparticles .are produced in the gas phase via 

laser vaporization of solid targets, and these species are studied with mass 

spectrometry and infrared laser spectroscopy. Metal carbide, oxide and silicide 

nanoclusters are studied in the size range from a few up to about 300 atoms. New 

infrared laser spectroscopy techniques investigate the vibrational spectroscopy of the 

nanoclusters themselves as well as those of molecular "adsorbates" attached to their 

surfaces. These nanoclusters are also evaluated for macroscopic synthesis via ligand 

coating in a new laser vaporization flowtube reactor apparatus. These overall 

experiments provide fundamental data for the structures, bonding stability and 

chemistry of metal atom clusters and they have the potential to discover new stable 

clusters that can be isolated and employed for "building block" materials. 
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Technical Proposal 

Fundamental Studies and Isolation Strategies for Metal Compound Nanoclusters 

Michael A. Duncan 

Department of Chemistry, University of Georgia, Athens, Georgia 30602-2556 

Introduction 

Metal-containing clusters and nanoparticles provide new materials with u'nusual 

electronic, optical, magnetic and chemical properties.1
-
7 The term "cluster" generally 

refers to particles smaller than a few hundred atoms, and "nanoparticle" generally 

indicates larger species with hundreds to thousands of atoms. Although their sizes are 

different, clusters and nanoparticles have many features in common. Both require 

special techniques for their preparation and study, and both may have properties that 

are different from those of the corresponding bulk materials. Although these systems 

have been the focus of intense investigation over the last 20 years, it is still not possible 

in most cases to predict the properties of clusters or nanoparticles. Quantum theoretical 

methods are gaining capability, but experimental work remains essential to the 

discovery of new systems and the elucidation of their behavior. In our research 

program, we focus on metal compound (carbides, oxides, silicides) clusters and 

nanoparticles. We produce these species in molecular bea'ms with pulsed laser 

vaporization of solid targets. We investigate the structures of clusters and adsorbate 

molecules bound to their surfaces with mass spectrometry and new forms of infrared 

laser spectroscopy. In a parallel effort, we employ new strategies to isolate 

macroscopic amounts of clusters of these same materials, stabilized with ligand 

coatings. 
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.Results of Work in the Prior Funding Period 

Infrared Probes of Metal Cluster Structure and Bonding 

Contract No. F49620-03-1-0044, January 1, 2003 to December 31, 2005 

In the current funding period, we have made progress in several areas of metal cluster 

research, as summarized below. The papers published acknowledging AFOSR support 

are listed as references R1-R10. More details about this work and instrumentation 

photographs are available on our group web site at www.arches.uga.edu/-maduncan. 

Metal Carbide Clusters 

Transition metal carbides exhibiting the remarkable magic number at M8C12 

(M=Ti, V, Nb, etc.) were first reported by Castleman and coworkers.8 These so-called 

"met-cars" clusters were speculated to have a cage structure with dodecahedral 

symmetry. Soon after this initial finding , our group reported other species with similar 

stability in the form of M14C13 (M=Ti, V, Nb) clusters.9 These latter clusters are believed 

to have fcc structures and were denoted as "nanocrystals." Since this early work, met­

cars and nanocrystal carbide clusters have been studied extensively8
-
21 and they have 

been the subject of many theoretical calculations. 22
-
36 However, until recently, there 

was no spectroscopy on these species with vibrational resolution and there was no 

direct determination of their structures. In 1999, the former situation changed in an 

exciting way through our ·collaboration with Meijer and coworkers.3744 In this work, we 

developed an experiment using infrared resonance enhanced multiphoton ionization 

(IR-REMPI) to obtain vibrational spectra for these carbide clusters. This method relied 

on the "FELIX" free electron laser that provides high intensity tunable IRradiation in the 
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400-1 800 cm-1 region, where carbide stretching modes are found. We first applied IR­

REMPI to TisC12 and Th4C13,37-38 and more recently these methods have been extended 

to other metal carbide39
-4

1 and oxide clusters.41
-44 With these vibrational spectra, we 

and others that have joined this effort45
-4

7 a·re able to test the structures predicted by 

theory for these clusters. 

In recent work, we have extended the study of carbides to the noble metals and 

to silicon carbide.R6 In the early transition metals, plasma reactions between metal 

vapor and added methane led to the formation of carbides, but this chemistry does not 

work for less reactive systems.9 To form noble metal carbides, we use composite 

samples consisting of a carbon rod with an evaporated metal film coating. Laser 

vaporization of this composite sample produces the desired mixed clusters. To 

investigate the stability and structures of these systems, we use mass spectrometry and 

mass-selected photodissociation. In the past, copper-carbon clusters have been 

detected48
.4

9 and suggested to have metal-centered cage structures.48 However, as 

shown in the example in Figure 1, photodissociation of MCn + (M=Cu, Ag, Au) all find that 

the elimination of the neutral metal atom is the main fragmentation channel. This 

suggests that these clusters represent carbon species with metal attached externally. 

Metal-Silicon Clusters 

Transition metal-silicon clusters were first studied by Beck, 5° and there has been 

a recent flurry of both experimental51 -53 and theoretical54
-6

3 papers on these fascinating 

species. As in the metal carbide species, magic numbers are detected in the cluster 

distributions that grow under a wide variety of conditions. Magic numbers for iron, 

chromium, etc. transition metal species occur at MSi1s+ and MSi16+, while copper has 
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been found to have magic numbers at CuSi/ and CuSi10+.
49 In both systems, the mass 

spectra have been interpreted to suggest that these species represent metal-centered 

structures, although there have been no direct structural measurements. We again 

employed laser photodissociation to probe the MSh + and MSi10 + clusters of the noble 

metals. We find that mass spectra for copper, silver and gold all have magic numbers 

at these two cluster sizes. However (Figure 2), photodissociation again occurs primarily 

by the elimination of metal , suggesting that these clusters are also not metal centered. 
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Figure 1. The photodissociation of CuC15 +and CuC30 + at 355 nm. The negative peak indicates parent ion 
depletion and the positive peaks are the fragment ions. Metal atom loss is the main channel for both. 
Figure 2. Photodissociation of silver-silicon clusters at 355 nm. Metal atom loss is the main channel. 

Metal Oxide Clusters 

Metal oxide clusters are interesting for applications in surface science and 

catalysis,64
-
68 as well as in solar energy conversion. 67

-
68 Mass spectrometry has been 

applied to these systems,69
-
78 and they produce non-statistical combining ratios. Unlike 

metal carbide and silicides, there are no single magic numbered clusters, but rather at 

each metal increment there are several specific oxide stoichiometries. Structures have 
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been predicted by theory involving M-0-M-0 bonding networks.79-85 Small oxides have 

been studied with matrix isolation86 and photoelectron spectroscopy.87-89 Our group, in 

collaboration with Meijer and coworkers , has employed IR-REMPI to obtain the first IR 

spectroscopy for these species in the gas phase in studies of Zr, Ti, Mg and AI 

oxides.41
-44 Because IR-REMPI faiied for many other oxides, Fielicke and Meijer 

continued this work employing photodissociation spectroscopy with the free electron 

laser in a mass depletion mode of operation.45
-4

6 Asmis has employed depletion 

spectroscopy of mass-selected helium-tagged cluster ions (small VnOm +).47 In some 

systems, vibrational spectra have enough detail to suggest structures. However, 

especially for the transition metals, it is not yet clear which of the stoichiometries seen 

represents the most stable clusters . Neutral versus cation stability, as interpreted from 

mass spectral abundances, is often confused by different ionization/detection methods. 

We have employed photodissociation to investigate this. 

Figure 3 shows the mass spectrum we obtain for TanOm +clusters, while Figure 4 

shows photodissociation of selected Ta, V and Nb oxides. The signal/noise here is low 

because the clusters are difficult to fragment. We find two general channels for 

fragmentation. Clusters with excess oxygen lose either 02 or 0 atoms to produce a 

smaller oxide with the same number of metal atoms. The data .for Ta40 11 + and Ta40 12 + 

below illustrate this behavior. Clusters without excess oxygen tend to undergo fission, 

splitting off both metal and oxygen, producing a smaller oxide fragment. The stable 

oxides can then be identified as those clusters which do not lose oxygen only and which 

are produced repeatedly by fission of larger clusters. From studies like this of many 

MnOm +clusters of the metals V, Nb, Ta, we identify the n,m species 2,4; 3,7; 4,9; 5,12; 

and 7,17 as the most stable cation stoichiometries of these clusters. 
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Figure 3. The mass spectrum of tantalum oxide clusters produced directly as ions from the laser plasma. 
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Figure 4. Photodissociation of Ta, V and Nb oxide clusters at 355 nm. 

IR Spectroscopy of Metal-Molecular Complexes 

A primary focus of our research program recently has been the development of 

IR spectroscopy for metal atom clusters and for metal-ligand complexes.9
0-

111 IR 

spectroscopy probes the details of the metal-ligand interaction in the same way that 
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vibrational spectroscopy is applied to study adsorbates on metal surfaces.64
·
65 We have 

shown that IR photodissociation spectroscopy can determine the ligand vibrational shifts 

that occur on binding to metal,90
-
111 the coordination numbers of ligands around a metal 

ion,97
•
99

•
103

•
104 and the presence of intracluster reactions as metals insert into ligand 

bonds99
•
104 or as ligands couple with each other.93

•
111 By comparison of spectra to those 

predicted by theory, structures and metal electronic states can be determined. We have 

employed the free-electron laser for studies in the mid-IR (400-18.00 em·\ as shown in 

the spectrum of \/'(benzene) in Figure 5.91 In the higher frequency range (2000-4500 

em·\ we employ IR optical parametric oscillator (OPO) laser systems, as shown in the 

spectrum of Mg+(C02) 1,2,3 in Figure 6.94 

o.o.p i.p. 
H bend C ·H bend 
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i.p.C 
ringdist. 

600 800 1000 1200 1400 1600 1800 
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v, 
free CO, 
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em·' 

Figure 5. The IR photodissociation spectrum of \((benzene) measured in the fingerprint region with the 
free electron laser. 
Figure 6. TheIR photodissociation spectrum of Mg+(C02) 1,2,3 measured near the asymmetric stretch 
vibration using an IR-OPO laser system and the rare gas tagging method. The structures shown 
correspond to the blue bands predicted by theory (Brinkmann and Schaefer at UGA). 

Although metal-ligand binding energies often exceed the photon energy used to 

excite vibrational fundamentals, we have found that multiphoton excitation (with the free 

electron laser) or single photon excitation (with the OPO and the method of rare gas 
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tagging90
·
94

-
96

•
98

-
100

·
102

-
103

•
105

-
107

·
109

) can be used to obtain spectra with good efficiency for 

almost any desired metal-ligand complex. In our work for AFOSR (and related projects 

for DOE and NSF), we have obtained IR spectra for both main group and transition 

metal systems, as well as for atomic metal cation-molecular complexes and larger multi­

metal atom clusters with adsorbates. AFOSR has supported the development of this 

~rea via DURIP funding for an Nd:YAG laser used to pump one of our OPO systems. 

Synthesis of Cluster Materials 

Although model studies in the gas phase are valuable, macroscopic amounts of 

clusters are needed to investigate their potential for new materials. We are therefore 

also working on the bulk synthesis of some of the same clusters that we have studied in 

the gas phase. Fullerenes or carbon nanotubes are typically produced via arc 

discharge sources.112
-
115 Inorganic synthesis in solution is effective for 

semiconductor4
·
7

·
116

-
118 or metal4-

7
·
119

-
121 quantum dots. However, while some metal 

oxide nanoparticles have been produced, 122
-
127 it is difficult to generate clusters 

containing transition metals. Laser vaporization is perhaps the most efficient way to 

make clusters from transition metals, but these species are produced in the gas phase. 

Real world applications require survival in air and solubility for convenient manipulation. 

Solubility is been obtained for quantum dots or noble metal colloids via ligand coating. 

To provide solubility and to stabilize our clusters, we desire a method that combines a 

cluster source with a ligand coating strategy. Andres has described a method in which 

a resistively heated oven or discharge source is combined in a high pressure gas flow 

with an injection of a ligand/solvent mixture using a nebulizer.128 We have adopted a 

similar strategy, but retain the laser source for studies of transition metal clusters. 
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For these synthesis experiments, we have constructed a laser ablation flow 

reactor (LAFR; Figure 7).127 It has a laser source scaled up to high repetition r~tes with 

a 100 Hz excimer laser, a flow tube for cluster growth, a ligand spray section to 

passivate cluster surfaces and a cooled trapping section where ligated clusters are 

collected in solution. The LAFR is operational and we have produced and isolated 

several new ligand-coated metal clusters, including (Ti02)n(THF)m and VnOm(THF)x in 

the size range of 20-50 total atoms.127 In the present configuration, synthesis proceeds . 

without any feedback on the operating conditions. However, we recently received 

DURIP funding for a differentially-pumped mass spectrometer system to monitor cluster 

growth. This system will include a reflectron time-of-flight mass spectrometer and an 

ArF excimer laser for photoionization detection. The vacuum system is under 

construction, and the full apparatus (shown in Figure 7) will come online soon. 

We analyze the material that we isolate using our laser desorption time-of-flight 

mass spectrometer, 129 which is located in the synthesis lab a few feet away from the 

LAFR, or with other conventional materials analysis instrumentation (IR, UV-VIS, SEM, 

TEM). The mass spectrometer has been employed for many previous studies of cluster 

materials, 129 and it has been used in a collaboration with an undergraduate research 

program at Valdosta State University.RB,R9. Figure 8 shows the mass spectrum of ligand­

coated vanadium oxide clusters that were produced by vaporization of a titanium rod 

with a ligand spray of THF. The oxides are believed to be formed via metal reaction 

with the THF itself. The oxide stoichiometries isolated here are mainly the same ones 

identified as stable in our molecular beam experiments. 
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Figure 7. The laser vaporization flow tube reactor, with high intensity KrF laser for cluster production, 
differential pumping, reflectron time-of-flight mass spectrometer and ArF laser for photoionization. 

400 600 

VxOy(THF)z 
+ = x,y,z 

'<t 
'<i ..... 
cO 

800 
m /z 

CD 
N" 
Lt) 

N_ '<t ..- oi N 
oi «) 

1000 

CD 
,...: (X) 

0 
. ..-

,...: Lt) ri 

1200 

Figure 8. The mass spectrum of reaction products generated in our LAFR instrument by vaporizing 
vanadium and combining the metal vapor with a ligand stream of THF. The resulting solution was 
transferred to a remote mass spec for analysis. 
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New Research Directions 

Introduction 

Metal compound clusters have high bond energies and are generally less 

reactive than pure metal clusters. Stability and lower reactivity are favorable 

characteristics for nanoparticle isolation. However, the properties of oxides, carbides 

·and silicides provide a rich variety of chemistry relevant not only for nanoparticles but 

also for surface science and catalysis. We therefore plan to continue to focus our 

research program in this area. We will use mass spectrometry and fixed-frequency 

photodissociation to investigate cluster dissociation channels and relative stability. We 

will continue to develop tunable laser IR spectroscopy to probe the vibrations of metal 

clusters and their molecular ligands or adsorbates. Finally, we will expand our effort in 

the controlled synthesis of nanoparticle materials with our flow reactor system. 

Laser Photodissociation at Fixed Wavelengths 

Mass spectra of pure transition metal clusters rarely deviate from a smooth 

distribution, but metal oxide, carbide and silicide mass distributions often contain magic 

numbered clusters or non-statistical combining ratios. These features are intriguing, but 

it is difficult to establish firmly the root cause of these distributions. Cluster growth 

kinetics and dynamics, neutral stabilities, ionization mechanisms, cation stability and 

fragmentation channels all play a role in the appearance of mass spectra. We have 

found that the distributions of clusters detected in this way are often misleading. Mass­

selected photodissociation experiments provide a clearer indication of which clusters 

are more stable, as stable cations or neutral leaving groups tend to be produced 
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repeatedly from the fragmentation of larger clusters. We have performed extensive 

studies of the mass-selected dissociation of transition metal carbide clusters,9 and are 

finishing up studies of the noble metal carbides. Except for preliminary work by Beck, 5° 
our studies on noble metal species are the only ones to our knowledge on the 

photodissociation of metal-silicon clusters. Likewise, Castleman and coworkers have 

investigated some dissociation of vanadium oxide clusters,72
b but our recent study on V, 

Nb,and Ta is the only other work on transition metal oxides. On the other hand, 

interesting and often unexplained magic numbers have been seen in the mass spectra 

of almost all metal-silicon and metal-oxide clusters studied. We will therefore focus this 

work on the non-noble transition metal-silicon clusters 0/,Fe,Cr,Co,Ni, etc.) and on a 

variety of other transition metal (Fe, Cr, Co, etc.) oxide species. The goal is to identify 

stable clusters that may be isolated in the future and also to refine the capability of 

theory to predict which clusters are more stable. 

As usual in mass spectrometry, we are keenly aware of mass coincidences and 

isotopic distribution issues. For example, iron (56 amu) and silicon (28 amu) have a 

readily identified coincidence, as do Ti (48 amu) and three oxygens or Zn (64 amu) and 

four oxygens. Multiple metal atoms with multiple isotopes yield distributions that 

broaden mass peaks at our finite resolution, and so single isotope metals are preferred 

for these studies (e.g., V, Co, Nb, Y, Ta). These issues will guide our choice of systems 

to study. In cases where there is special interest, it is of course possible to use 

isotopically substituted species to aid in mass spectral interpretation. 

IR-REMPI studies and theory have identified the likely structures of small 

vanadium-oxide clusters,47
·
72

·
75

•
76

·
80

·
85 and our work has clarified the relative stability of 

oxygen-precise frameworks versus clusters with excess oxygen. For example, our 
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studies of VnOm+ clusters indicates that the V20/ species (calculated structure shown 

below), is produced as a photofragment from larger clusters, while V20·/ is not. 

Likewise, a symmetric structure can be drawn for V30/, and this cluster is produced as 

a fragment from many larger ones, confirming its stability. However, the mass spectrum 

of clusters produced initially has more intense peaks at other stoichiometries. 72
·
75

·
76 We 

find the same trends for V, Nb and Ta oxide clusters, i.e., the n,m species 2,4; 3,7; 4,9; 

5, 12; and 7,17 are the most stable cations, but these are not the most abundant clusters 

that grow. Remarkably, these same stable stoichiometries are produced in our isolation 

experiments on ligand coated VnOm clusters. We hope-to obtain similar information for 

other metal oxide species (Co,Y,Fe,Ni, etc.) to stimulate theory to explain and 

eventually predict such structures. 

Figure 9 .. Structures calculated for V20/ and V30/ clusters. 

We have shown that noble metal-silicon clusters do not likely have metal­

·centered structures. However, the mass distributions for Fe, Cr, Wand other mid-series 

transition metal-silicon species nave different magic numbers at MSi15+ and MSi16+.50
•
51 

Theory has predicted metal centered structures for these species, 54
-5

3 and preliminary 

photodissociation work by Beck is consistent with this.50
c We will investigate these 

systems thoroughly with photodissociation to identify the stable clusters and whether or 

not they are likely to have metal-centered structures. 
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Because of our interest in noble metal clusters supported on oxide surfaces (see 

below), we will also attempt to make cluster analogues of these systems, e.g., 

AulYnOm)+. Photodissociation of these species can address whether the noble metal is 

integrated into the metal oxide network or segregated on its surface. 

Infrared Spectroscopy of Metal Compound Clusters 

While fixed-frequency photodissociation provides interesting qualitative 

information about cluster structure, it is desirable to measure spectra for these species 

that can be compared to the predictions of theory. Only then can suspected structures 

be confirmed with confidence. However, although we have had success with 

spectroscopy on metal-ligand complexes, it is quite difficult to obtain vibrational 

spectroscopy for metal atom clusters that have no ligands. The vibrations in pure metal 

clusters occur at very low f~equencies (100-400 cm-\ 130·131 while those for carbide, 

oxide, and silicides may be found at somewhat higher frequencies. Our previous work 

on metal carbide and oxide clusters37
-44 used the FELIX free electron laser to cover the 

requi red wavelength region of 400-1800 cm·1. However, in the last several years we 

have found that the IR-REMPI technique employed for those experiments only works for 

a few carbide and oxides, while photodissociation experiments are needed to study 

other systems. In both IR-REMPI and photodissociation experiments, the FELIX laser 

linewidth and the high laser powers required for multiphoton processes leads to broad 

lines and red-shifted vibrational resonances.41 For example, although we reported 

spectra for TisC12 some time ago, the exact structure of this cluster (Dzd versus Td) is 

still not known.37·41 Multiplet structure predicted by theory in the 1400 cm·1 region 
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cannot be resolved by the FELIX experiment. It is therefore desirable to have a better 

laser source for iR spectroscopy in the fingerprint region. 

Our present IR OPO systems have good linewidth (0.3 cm-1
) and are easy to use, 

but the wavelength coverage at present is limited to about 2000-4500 cm·1. This works 

well for the vibrations that occur at higher frequencies for many small molecules, and 

this is why we have focused our work to date on metal-ligand complexes. However, we 

have recently obtained a new OPO crystal (AgGaSe2) that provides expanded IR 

wavelength coverage (600-1900 cm"1
) via difference frequency generation between the 

present OPO oscillator signal beam and the 1.06 f.! pump laser. Although the 

conversion efficiency is not as good as that at higher frequencies, we can produce 20-

400 f.!J/pulse in this region. In our collaborative project with Mark Johnson, we have 

recently studied protonated water clusters, H+(H20)n in the 600-2000 cm·1 region, 132 and 

the IR pulse energy from this AgGaSe2 OPO was enough to obtain good signals for 

these mass-selected ions (via multipass excitation and argon tagging methods). Our 

crystal is already installed and working, and when some data acquisition programming 

issues are fixed, we will be ready to measure spectra. Extension of experiments all the 

way down to 600 cm·1 will require new windows (AR-coated ZnSe) to replace our 

current CaF windows (these don't transmit below 1000 cm-1
). 

We plan to use this new IR laser source to measure spectra for mass-selected 

cations of the carbide and oxide clusters, in much the same way that we have already 

studied metal-ligand complex ions. We will prepare clusters of the form MnXm + (X=C,O) 

tagged with argon or neon, e.g., MnXm+-RGx. M-C, M-0, C-C and 0-0 stretch vibrations 

are known to occur in the 600-1900 cm·1 region covered by this laser, and excitation of 

these can lead to the loss of one or more rare gas atoms. We will first examine some of 
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the same systems studied already at lower resolution with the free electron laser, e.g. , 

MsC12+, (M=Ti,V,Zr) which have strong resonances40 near 1400 cm-1; (AI20 3)n which 

have bands44 near 900 cm-1; NbnOm + which have bands46 at 800 and 1000 cm-1; etc . 

. Carbides and oxides will generally have higher vibrational frequencies than silicides, 

and so we will focus on these species first. At the lower energies of theIR excitation 

here, the binding of argon may be strong enough so that its elimination is not efficient. 

However, in such cases we find that multiple argon attachment or neon tagging can 

overcome this limitation. The IR-REMPI method could only study clusters above 20 or 

so atoms, but IR photodissociation works for smaller species that are easier to handle 

with theory. It should be possible to measure spectra for clusters with only a few atoms 

(e.g. , VC2+, V2C/) up to those with 20 or more atoms for the same metal compound 

system. Likewise, many of the newer results for cations have been done in the mode of 

parent ion depletion because full mass-selection was not available. However, we detect 

the fragments from selected parent ions on a zero background, and therefore have 

higher sensitivity. In experiments so far, we have large enough signals so that ions are 

integrated with an oscilloscope, but counting electronics are available if needed. 

Infrared Spectroscopy of Metal-Ligand Adducts 

As noted above, metal oxides are important in surface science and catalysis, 54-
58 

both because of their own intrinsic reactivity and because these materials are important 

as supports for metal nanoparticle catalysts. Nanocatalysis has become ah important 

subfield of cluster research, motivated in particular by the surprising behavior of small 

gold clusters deposited on metal oxides, as reported first by Haruta and coworkers.13·3 

While there has been a tremendous effort aimed at the surface science of supported 
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gold clusters,13
4-

144 and gas phase reactions .of small metal oxides and gold clusters 

have been studied,145
-
149 there is virtually no spectroscopy of this adsorption chemistry 

on gas phase clusters. Our metal-molecular infrared measurements are ideally suited 

to probe the details of molecular adsorption in these systems. Likewise, our synthesis 

program also requires knowledge of ligand interactions on compound nanoparticles. 

Therefore, we will employ IR spectroscopy to probe molecular adsorbates on metal 

oxide systems and on noble metal clusters. 

The mechanism of the reactivity of oxide-supported gold clusters is believed to 

involve charge injection from the oxide surface into the gold clusters, making these 

clusters more negative. 135
·
144 This takes place most effectively when the cluster is 

supported on a defect site on the oxide surface. To probe the fundamental interactions 

involved, we will systematically study theIR spectroscopy of adsorbate molecules on 

small oxide clusters, on pure gold clusters and on gold-oxide mixtures. Silver and 

copper studies will also be done to complement the gold work. We will focus on some 

of the same oxide metals (Ti, Mg, V) and adsorbate molecules (CO, C02 , ethylene, 

acetylene, etc.) studied in the previous surface chemistry on these systems. Based on 

our prior experience with various metal-ligand clusters and with the production of 

compound and mixed-metal clusters, we anticipate no problem in producing the desired 

species. The issues of charging suggest that we should investigate both the 

corresponding cation and anion clusters. Although we work mostly on cations, 

extension of our experiments to anions is also feasible. 

The asymmetric stretch of C02 has already been studied in our lab on many 

metal ions90
·
94

·
96

·
97

·
99

·
104 and also on nickel-oxide ions,97 and this mode is accessible 

with our present OPO system. Likewise C-H stretch vibrations have already been 
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studied by our group in many metal complexes.93·103·105·107·111 In acetylene and ethylene 

complexes, isomeric species (vinylidene, ethylidyne) may be formed, 64 and theIR would 

identify these structures. C-0 and C-C stretches are likely to occur at frequencies 

below 2000 cm-1, and these will be accessible with the new AgGaSe2 OPO 

configuration. We suspect that adsorbed 02 may also be detected in the low frequency 

range; our recent studies of N2 adsorbed on vanadium show that the N-N stretch 

achieves high IR activity when attached to metal.108 Most of our experiments to date 

have focused on small metal systems, but we have recently reported a study of the 

bend ing mode of water adsorbed on vanadium clusters in the size range up to 18 metal 

atoms.150 Although infrared spectroscopy on metal systems is becoming more popular, 

and there are several studies of adsorbates on metal clusters that have been done with 

free electron lasers,46·151-152 our research group is presently the only one with metal 

cluster sources and the new OPO technology needed to attack these problems with 

higher spectral resolution . Related to this work, Castleman and coworkers 153 have 

studied the reaction kinetics of small hydrocarbons interacting with V, Ta and Nb oxide 

cation clusters. It will therefore be interesting to probe the spectroscopy of the reactive 

versus non-reactive clusters to complement this work. 

Synthesis of Ligand-Coated Clusters 

The general strategy of our synthetic program was described earlier, and the 

apparatus is shown in Figure 7. Our primary targets for isolation are the metal carbide, 

oxide and silicide clusters of the transition metals, which we will produce in the flow 

reactor and stabilize with ligand coatings. A major focus will be on the M8C12 met-car 

and the M14C13 nanocrystal species, which are most stable for the metals Ti, V, Zr. 
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Although there have been many attempts to isolate these species via arc discharge 

methods, they continue to elude isolation. We have had evidence in some experiments 

that we made small amounts of TiaC12 coated with ethylenediamine, but these results 

were not reproducible. With the new mass spectrometry diagnostics, we hope to have 

better control to optimize conditions and more success. Our results on metal oxides 

have been more productive, and we have been able to make ligand-coated titanium and 

vanadium oxide clusters reproducibly. The titanium system produced complexes 

containing from only two or three metal atoms up to nm and even micron diameter 

particles (imaged with TEM). These results suggest that many other transition metal 

oxides will be accessible via our methodology. We have not yet attempted metal-silicon 

cluster isolation, but these systems are also interesting. 

The choice of ligand material for nanoparticle coatings is a crucial aspect of 

these studies. To date, we have tried THF and ethylenediamine for these experiments. 

THF reacted with titanium and vanadium, producing oxides when no other source of 

oxygen was present. 127 Ethylenediamine was much less reactive, and attached to 

metal without fragmentation. 127 We will therefore focus on other mono- and bidentate 

ligands with nitrogen coordination as our next approach for these systems. We will 

seek guidance from able inorganic chemists in our department and elsewhere to make 

up for our limited abilities as synthetic chemists. 

The initial characterization of ligand-coated nanoparticle solutions will take place 

with our remote laser desorption mass spectrometer, as noted before. As systems are 

optimized with the on-line mass spectrometer diagnostics and produced in greater 

quantities, we can extend the analysis to conventional spectroscopy (IR, UV-VIS, NMR) 

and imaging systems (SEM, TEM, AFM), all of which are available in our department. 
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We also have access to laser desorption with high resolution FT-MS analysis via 

instruments located in the lab of Dr. Jon Amster (also at UGA). Exact mass 

measurements and isotope patterns make it possible to determine the number of metal 

atoms present when there are nominal metal-ligand mass coincidences. 

The outlook for these synthesis experiments is much less certain than our 

molecular beam experiments. However, the LAFR methodology represents a distinctly 

different approach to nanoparticle synthesis, and the results so far are very promising. 

With the new mass spectrometer system, we should be able to optimize conditions and 

produce clusters more efficiently and reproducibly than before. Although this work is 

risky, its potential payoffs are significant. 

24 



( 

References 

Publications Resulting from This Work (January 1, 2002 to February 15, 2005): 

R1. D. van Heijnsbergen, G. von Heiden, G. Meijer, P. Maitre and M.A. Duncan, "Infrared 
Spectroscopy ofV-(benzene) and V-(benzene)2 Complexes in the Gas Phase," J. Am. 
Chem. Soc. 124, 1562 (2002). 

R2. G. Gregoire, N. Brinkman, H.F. Schaefer and M.A. Duncan, "Infrared Photodissociation 
Spectroscopy of Mg+-(C02)n and Mg+-(C02)nArm Complexes," J. Phys. Chern. A 107, 218 
(2003). 

R3. D. van Heijnsbergen, K. Demyk, M.A. Duncan, G. Meijer and G. von Heiden, "Structure 
Determination of Aluminum Oxide Clusters," Phys. Chem. Chern. Phys. 5, 2515 (2003). 

R4. T.M. Ayers, J.L. Fye, ·Q . Li and M.A. Duncan, "Synthesis and Isolation of Titanium Metal 
Cluster Complexes and Ligand-coated Nanoparticles with a Laser Vaporization Flowtube 
Reactor," J. Clus. Sci. 14, 97 (2003). 

R5. T.M. Ayers, B.C. Westlake and M.A. Duncan, "Laser Plasma Production of Metal and 
Metal-Compound Complexes with PAH's," J. Phys. Chern. A 108, 9805 (2004). 

R6. B.W. Ticknor and M.A. Duncan, "Photodissociation of Size-selected Silicon Carbide Cluster 
Cations," Chern. Phys. Lett., in press. 

R7. K. Molek and M.A. Duncan, "Photodissociation of Size-selected Vanadium Oxide Cluster 
Cations," J. Chem. Phys., to be submitted. 

R8. T.J. Manning, K. Olsen, L. Hardin, J. Purcell, T.M. Ayers, M.A. Duncan and D. Phillips, 
"Extensive Ozonation of C6a: Degradation or Polymerization?", Ozone Sci. & Eng., 
submitted. 

R9. T.J. Manning, K. Olsen, L. Hardin, J. Purcell, T.M. Ayers, M.A. Duncan and D. Phillips, 
"Bulk Degradation of Carbon Nanotubes by Ozone and Nitric Acid," Ozone Sci. & Eng., 
submitted. 

R10. E. D. Pillai, K.S. Molek and M.A. Duncan, "Growth and Photodissociation of u+(benzene)n 
(n=1-3) and UOm+(benzene) (m=1 ,2) Complexes," Chem. Phys. Lett. , in press. 

1. R.L. Johnston, Atomic and Molecular Clusters, Taylor & Francis, London, 2002. 

2. H. Haberland, ed., Clusters of Atoms and Molecules, Vols. I & II, Springer-Verlag, Berlin, 
1994. 

3. E. E. B. Campbell and M. Larson, eds. , The Physics and Chemistry of Clusters, Nobel 
Symposium #117, World Scientific, Singapore, 2001 . 

4. G. Schmid, ed., Nanoparticles, Wiley-VCH, Weinheim, Germany, 2004. 

5. U. Kreibig and M. Vollmer, Optical Properties of Metal Clusters, Springer-Verlag, Berlin, 
1995. 

25 



( ( 

6. M.-C. Daniel and D. Astruc, "Gold nanoparticles: Assembly, supramolecular chemistry, 
quantum size-related properties, and applications toward biology, catalysis and 
nanotechnology," Chern. Rev. 104, 293 (2004). 

7. B.L. Cushing, V.L. Kolesnichenko and C.J. O'Conner, "Liquid phase syntheses of inorganic 
nanoparticles," Chern. Rev. 104, 3893 (2004). 

8. a) B.C. Guo, K.P. Kearns and A.W. Castleman, Jr., "TiaC12+- Metallo-carbohedrenes: A 
new class of molecular clusters," Science 255, 1411 (1992). b) B.C. Guo, S. Wei, J. 
Purnell , S. Buzza, and A.W. Castleman, Jr., "Metallo-carbohedrenes [MaC12+ (M=V, Zr, Hf 
and Ti)]: A class of stable molecular cluster ions," Science 256, 515 (1992). c) S. Wei, B.C. 
Guo, J. Purnell , S. Buzza, and A.W. Castleman, Jr., "Metallo-carbohedrenes: Formation of 
multicage structures," Science 256, 818 (1992). d) B.C. Guo and A.W. Castleman, Jr., 
"Metallo-Carbohedrenes: A New Class of Molecular Clusters," Adv. Metal Semiconductor 
Clusters 2, 137 (1994). 

9. a) J.S. Pilgrim and M.A. Duncan, "Photodissociation of metallo-carbohedrene ("Met-Cars") 
cluster cations," J. Am. Chern. Soc. 115, 4395 (1993). b) J.S. Pilgrim and M.A. Duncan, 
"Metallo-carbohedrenes: Chromium, molybdenum and iron analogs," J. Am. Chern. Soc. 
115, 6958 (1993). c) J.S. Pilgrim and M.A. Duncan, "Beyond metallo-carbohedrenes: 
Growth and decomposition of metal-carbon nanocrystals," J. Am. Chern. Soc. 115, 9724 
(1993). d) J.S. Pilgrim and M.A. Duncan, "Photochemical cleavage and reconstruction of 
metal-carbon nanocrystals," Inti. J. Mass Spectrom. lon Processes 138, 283 (1994). e) J.S. 
Pilgrim and M.A. Duncan, "Metal-Carbon Clusters: The construction of cages and 
crystals," Adv. Metal & Semiconductor Clusters, Volume Ill , M.A. Duncan, ed., JAI Press, 
Greenwich, CT, 1995. f) J.S. Pilgrim, L.R. Brock and M.A. Duncan, "Photodissociation of 
niobium-carbon nanocrystal clusters," J. Phys. Chern. 99, 544 (1995). g) L.R. Brock and 
M.A. Duncan, "Near-threshold photoionization to probe neutral "met-cars" clusters," J. 
Phys. Chern. 100, 5654 (1996). h) M.A. Duncan, "Synthesis and characterization of metal­
carbide clusters in the gas phase," J. Cluster Sci. 8, 239 (1997). i) J. S. Pilgrim and M.A. 
Duncan, "Beyond Metallo-Carbohedrenes: Growth and Decomposition of Metal-Carbon 
Nanocrystals," J. Am. Chern. Soc. 115, 9724 (1993). 

10. S. Wei, B. C. Guo, H. T. Deng, K. Kerns, J. Purnell, S. Buzza, A. W. Castleman, Jr., 
"Formation of Met-Cars and Face-Centered Cubic Structures: Thermodynamically or 
Kinetically Controlled?," J. Am. Chern. Soc. 116, 4475 (1994). 

11 . S. F. Cartier, B. D. May, B. J. Toleno, J. Purnell, S. Wei, and A. W . Castleman, Jr. , ''The 
production of metallocarbohedrenes by the direct laser vaporization of the carbides of 
titanium and zirconium," Chern. Phys. Lett. 220, 23 (1994). 

12. S. F. Cartier, B. D. May, and A. W. Castleman, Jr. , "Binary Metal Metallocarbohedrenes of 
Titanium and Group lilA, VA, and VIA Metals," J. Am. Chern. Soc. 116, 5295 (1994). 

13. J. Purnell, S. Wei, and A. W. Castleman, Jr., "Studies of the metastable decay of met-cars. 
The vanadium and niobium systems," Chern. Phys. Lett. 229, 105 (1994). 

14. B.C. Guo and A.W. Castleman, Jr., "Metallo-Carbohedrenes: A New Class of Molecular 
Clusters," Adv. Metal & Semiconductor Clusters 2, 137 (1994). 

15. a) B. D. May, S. F. Cartier, and A. W . Castleman, Jr. , "Delayed ionization and delayed 
atomic ion emission of Ti and V metallocarbohedrenes. Evidence for collective electronic 
effects," Chern. Phys. Lett. 242, 265 (1995). b) J. S. Stairs, K. M. Davis, S. J. Peppemick, 

26 



( 

and A. W. Castleman, Jr., "Delayed ionization of the zirconium Met-Car, Zr8C12," J. Chern. 
Phys. 119, 7857 (2003). c) S. F. Cartiers, B. D. May, and A. W. Castleman, Jr., 
"Formation, Structure, and Stabilities of Metallocarbohedrenes," J. Phys. Chem. 100, 8175 
(1996). 

16. H. Sakurai and A. W. Castleman, Jr., "Ionization Potentials for the Titanium, Zirconium, and 
the Mixed Metal Met-Cars," J. Phys. Chern. A 102, 10486 (1998). 

17. a) K. P. Kerns, B. C. Guo, H. T. Deng, and A. W. Castleman, Jr., "Collision induced 
dissociation of titanium-carbon cluster cations," J. Chern. Phys. 101, 8529 (1994). b) K. P. 
Kerns, B. C. Guo, H. T. Deng, and A. W. Castleman, Jr., "Collision-Induced Dissociation of 
Vanadium-Carbon Cluster Cations," J. Phys. Chern. 100, 16817 (1996). 

18. a) H. T. Deng, B. C. Guo, K. P. Kerns, and A. W. Castleman, Jr. , "Gas Phase Reactions of 
the Met-Cars TiaC12+, NbaC12+, and Ti1NbC1/ with Acetone and Methyl Iodide," J. Phys. 
Chern. 98, 13373 (1994). b) H. T. Deng, K. P. Kerns, and A. W. Castleman, Jr., "Studies of 
Met-Car Adducts: Ti8C12+(M)n (M =Halogens, rr-Bonding Molecules, and Polar 
Molecules)," J. Am. Chem. Soc. 118, 446 (1996). c) H. T. Deng, K. P. Kerns, R. C. Bell, 
and A. W. Castleman, Jr., "Oxidation induced ionization and reactions of metal carbide 
clusters," Inti. J. Mass Spec. lon Proc. 167/168, 615 (1997). d) H. Sakurai and A. W. 
Castleman, Jr., "Adsorption of methane molecules on neutral titanium Met-Cars," J. Chern. 
Phys. 111, 1462 (1999). 

19. a) C. S. Yeh, S. Afzaal, S. A. Lee, Y. G. Byun, and B.S. Freiser, "Reactivities of 
Metallocarbohedrenes: FTICR Studies ofVaC12+ in the gas phase," J. Am. Chern. Soc. 
116, 8806 (1994). b) C. S. Yeh, Y. G. Byun, S. Afzaal, S. Z. Kan, S. Lee, B.S. Freiser, and 
P. J. Hay, "Experimental and Theoretical Studies on Nb4C4°1+: Reactivity and Structure of 
the Smallest Cubic Niobium-Carbon Cluster," J. Am. Chem. Soc. 117, 4042 (1995). c) Y. 
G. Byun, C. S. Yeh, Y. C. Xu, and B. S. Freiser, "Characterization of Metal-Carbon 
Nanocrystals in the Gas Phase: FT-ICR Studies ofV14C1/ and V14C13+," J. Am. Chern. 
Soc. 117, 8299 (1995). d) Y. G. Byun and B.S. Freiser, "Reactivities of Metallo­
Carbohedrenes: Evidence That VaC12+ Has Tdor D2d Symmetry," J. Am. Chem. Soc. 118, 
3681 (1996). e) Y. G. Byun, S. A. Lee, S. Z. Kan, and B. S. Freiser, "Reactivities of 
Metallocarbohedrenes: NbaC12+," J. Phys. Chern. 100, 14281 (1996). f) K. J. Auberry, Y. 
G .. Byun, D. B. Jacobson, and B.S. Freiser, "Kinetics of Metallocarbohedrenes: An FT-ICR 
Mass Spectrometry Study of the Association Reactions of TiaC12 + with Polar and Nonpolar 
Molecules," J. Phys. Chem. A. 103, 9029 (1999). 

20. S. Lee, N.G. Gotts, G. von Heiden and M.T. Bowers, "Evidence form ion chromatography 
experiments that met-cars are hollow cage clusters," Science 267, 999 (1995r 

21 . a) L.-S. Wang, S. Li and H. Wu, "Photoelectron spectroscopy and electronic structure of 
met-cars TiaC12," J. Phys. Chern. 100, 19211 (1996). b) L.-S. Wang and H. Cheng, 
"Growth pathways of metallocarbohedrenes: cagelike or cubic?," Phys. Rev. Lett. 78, 2983 
(1997). c) S. Li, H. Wu and L.-S. Wang, "Probing the Electronic Structure of 
Metallocarbohedrenes: MaC12 (M = Ti,V,Cr,Zr,Nb)," J. Am. Chern. Soc. 119, 7417 (1997). 
d) X.-B. Wang, C.-F. Ding and L.-S. Wang, 'Vibrationally Resolved Photoelectron Spectra 
ofTiCx- (x = 2-5) Clusters," J. Phys. Chem. A 101 , 7699 (1997). e) L.-S. Wang, X.-B. 
Wang, H. Wu and H. Cheng, "New Magic Numbers in TixCy- Anion Clusters and 
Implications for the Growth Mechanisms of Titanium Carbide Clusters," J. Am. Chem. Soc. 
120, 6556 (1998). f) H.-J. Zhai , L.-S. Wang, P. Jena, G.L. Gutsev and C.W. Bauschlicher, 
Jr., "Competition between linear and cyclic structures in monochromium carbide clusters 

27 



Crcn- and CrCn (n=2-8): A photoelectron spectroscopy and density functional study," J. 
Chern. Phys. 120, 8996 (2004). 

22. L. Pauling, "Molecular structure of Ti8C12 and related complexes," Proc. Natl. Acad. Sci. 
U.S.A. 89, 8175 (1992). 

23. a) Z. Lin and M.B. Hall, Structure and bonding in M8C12 clusters," J. Am. Chern. Soc. 114, 
10054 (1992). b) Z. Lin and M.B. Hall, "Theoretical studies on the stability of M8C12 
clusters," J. Am. Chern. Soc. 115, 11165 (1992). 

24. a) M.-M. Rohmer, P. de Vaal, and M. Benard, "Jahn-Teller distortion predicted for 
metallocarbohedrenes: An ab initio SCF geometry optimization of the lowest singlet and 
triplet states ofTi8C12 in the Th and D2h point groups," J. Am. Chern. Soc. 114, 9696 
(1992).b) M.-M. Rohmer, C. Henriet, C. Bo, and J.-M. Poblet, ''TiaC12: A polytopal molecule 
with 36 TiC bonds," J. Chern. Soc. Chern. Comm. 1993, 1182. c) M.M. Rohmer, M. 
Benard, C. Bo, and J.-M. Poblet, J. Am. Chern. Soc. 117, 508 (1995). d) J. Munoz, M.-M. 
Rohmer, M. Benard, C. Bo and J.-M. Poblet, ''The structure and growth mechanism of 
small titanium carbide clusters: A competition between C2 and C4 chains," J. Phys. Chern. 
A 103, 4762 (1999). 

25. B.V. Reddy, S.N. Khanna, and P. Jena, "Electronic, magnetic, and geometric structure of 
metallo-carbohedrenes," Science 258, 1640 (1992). b) B.V. Reddy and S.N. Khanna, 
"Formation and stability of dodecahedral and fcc structures in metal-carbon clusters," 
Chern. Phys. Lett. 209, 104 (1993). c) B.V. Reddy and S.N. Khanna, 
"Metallocarbohedrenes: A new class of metal-carbon assemblies," J. Phys. Chern. 98, 
9446 (1994). 

26. P.J. Hay, ''Theoretical studies of MaC12 species," J. Phys. Chern. 97, 3081 (1993). 

27. H. Chen, M. Feyereisen, M.; X.P. Long, and G. Fitzgerald, "Stability, bonding and 
geometric structure ofTi8C12, TiaN12, V8C12 and Zr8C12," Phys. Rev. Lett. 71 , 1732 (1993). 

28. R. Grimes and J.D. Gale, "Exploring the stability, structure, and electronic properties of 
zirconium, titanium, vanadium, iron, and silicon metallocarbohedrenes," J. Phys. Chern. 97, 
4616 (1993). 

29. a) L. Lou, T. Guo, P. Nordlander and R.E. Smalley, "Electronic structure of the hollow-cage 
MaX12 clusters," J. Chern. Phys. 99, 5301 (1993). b) L. Lou and P. Nordlander, "An 
endohedral metallocarbohedrene C@TiaC12, " Chern. Phys. Lett. 224, 439 (1994). 

30. A. Khan, ''Theoretical studies of the structure of TiaC12 + cluster: Existence of C12 cage 
structure surrounded by metal atoms," J. Phys. Chern. 97, 10937 (1993). 

31 . a) I.G. Dance, J. Chern. Soc. Chern. Comm. 1992, 1779. b) I.G. Dance, J. Chern. Soc. 
Chern. Comm. 1993, 1306. c) I.G. Dance, J. Am. Chern. Soc. 115, 11052 (1993). d) I.G. 
Dance, "Nanocrystal [Ti14C13) to metallocarbohedrene [TiaC12]: Structural principles and 
mechanism," J. Am. Chem. Soc. 118, 2699 (1996). e) I.G. Dance, ''Ti8C12: Barrierless 
transformation of the Th isomer to the Td isomer," J. Am. Chern. Soc. 118, 6309 (1996). 

32. R. Han, S. Wang, D.L. Yin, Q. Zheng, W. Pan, "Electronic structure of titanium carbide 
(Ti8C12) cluster," Solid State Comm. 86, 313 (1993). 

28 



33. M. M. Rohmer, M. Benard, and J. M. Poblet, "Structure, Reactivity, and Growth Pathways 
of Metallocarbohedrenes MaC12 and Transition Metal/Carbon Clusters and Nanocrystals: A 
Challenge to Computational Chemistry," Chern. Rev. 100, 495 (2000). 

34. G.K. Gueorguiev and J.M. Pacheco, "Structural identification of met-cars," Phys. Rev. Lett. 
88, 115504 (2002). 

35. a) P. Liu, J.A. Rodriguez, H. Hou and J.T. Muckerman, "Chemical reactivity of met-car 
TiaC12. nanocrystal Ti14C13 and a bulk TiC (001) surface: A density functional study," J. 
Chem. Phys. 118, 7737 (2003). b) H. Hou, J.T. Muckerman, P. Liu and J.A. Rodriguez, 
"Computational study of the geometry and properties of the met-cars TiaC12 and Mo8C12," . 
Phys. Chem. A 107, 9344 (2003). c) P. Liu, J.A. Rodriguez and J.T. Muckerman, 
"Desulfurization of S02 and thiophene on surfaces and nanoparticles of molybdenum 
carbide: Unexpected ligand and steric effects," J. Phys. Chern. B 108, 15662 (2004). d) P. 
Liu, J.A. Rodriguez and J.T. Muckerman, "The TiaC12 met-car: A new model catalysts for 
hydrodesulfurization," J. Phys. Chem. B 108, 18796 (2004). e) P. Liu, J.A. Rodriguez and 
J.T. Muckerman, ''The chemical reactivity of metal compound nanoclusters: Importance of 
electronic and steric effects in MaC12 (M=Ti , V, Mo) metcars," J. Chern. Phys. 121 , 10321 
(2004). 

36. Q. Zhang and S.P. Lewis, 'Weak bonding of carbon atoms at corner sites in titanium­
carbide nanocrystals," Chern. Phys. Lett. 372, 836 (2003). 

37. D. van Heijnsbergen, G. von Heiden, A. J. A. van Roij, M. A. Duncan and G. Meijer, 
'Vibrational Spectroscopy of Gas-Phase Metal-Carbide Clusters and Nanocrystals," Phys. 
Rev. Lett. 83, 4983 (1999). 

38. G. von Heiden, A. G. G. M. Tielens, D. van Heijnsbergen, M. A Duncan, S. Hony, L. B. F. 
M. Waters, and G. Meijer, ''Titanium Carbide Nanocrystals in Circumstellar Environments," 
Science 288, 313 (2000). 

39. G. von Heiden, D. van Heijnsbergen, M. A. Duncan, and G. Meijer, "IR-REMPI of 
vanadium-carbide nanocrystals: Ideal versus truncated lattices," Chern. Phys. Lett. 333, 
350 (2001). 

40. D. van Heijnsbergen, M.A. Duncan, G. Meijer, G. von Heiden, "Infrared spectroscopy of 
TiaC12 'met-car' cations," Chern. Phys. Lett. 349, 220 (2001). 

41 . G. von Heiden, D. van Heijnsbergen and G. Meijer, "Resonant ionization using IR light: A 
new tool to study the spectroscopy and dynamics of gas phase molecules and clusters," J. 
Phys. Chern. A 107, 1671 (2003). 

42. G. von Heiden, A Kirilyuk, D. van Heijnsbergen, B. Sartakov, M.A. Duncan and G. Meijer, 
"Infrared Spectroscopy of Gas Phase Zirconium-Oxide Clusters," Chem. Phys. 262, 31 
(2000). 

43. D. van Heijnsbergen, G. von Heiden, G. Meijer and M.A. Duncan "IR-REMPI Spectroscopy 
of Magnesium Oxide Clusters," J. Chem. Phys. A 116, 2400 (2002). 

44. D. van Heijnsbergen, K. Demyk, M. A. Duncan, G. Meijer, and G. von Heiden, "Structure 
determination of gas phase aluminum oxide clusters," Phys. Chem. Chern. Phys. 5, 2515 
(2003). 

29 



( 

45. D. van Heijnsbergen, A. Fielicke, G. Meijer and G. von Heiden, "Structure determination of 
gas-phase niobium and tantalum carbide nanocrystals via infrared spectroscopy," Phys. 
Rev. Lett. 89, 013401 (2002). 

46. a) A. Fielicke, G. Meijer, and G. von Heiden, "Infrared Spectroscopy of Niobium Oxide 
Cluster Cations in a Molecular Beam: Identifying the Cluster Structures," J. Am. Chem. 
Soc. 125, 3659 (2003). b) A. Fielicke, G. Meijer, and G. von Heiden, "Infrared multiple 
photo dissociation spectroscopy of transition-metal oxide cluster cations (Comparison of 
group Vb 0/, Nb, Ta) metal oxide clusters) ," Eur. Phys. J. D 24, 69 (2003). c) A. Fielicke, 
R. Mitric, G. Meijer, V. Bonacic-Koutecky, and G. von Heiden, "The structures of vanadium 
oxide cluster-ethane complexes. A combined IR Multiple Photo Dissociation Spectroscopy 
and OFT calculation study," J. Am. Chem. Soc. 125, 15716 (2003). 

47. a) K. R. Asmis, M. Brummer, C. Kaposta, G. Santambrogio, G. von Heiden, G. Meijer, K, 
Rademann, and L. Waste, "Mass-selected infrared photodissociation spectroscopy of 
V40 10+," Phys. Chern. Chern. Phys. 4, 1101 (2002). b) M. BrOmmer, C. Kaposta, G. 
Santambrogio, K. R. Asmis, "Formation and photodepletion of cluster ion-messenger atom 
complexes in a cold ion trap: Infrared spectroscopy ofVO+, V0+2

, and V0+3
," J. Chem. 

Phys. 119, 12700 (2003). c) K. R. Asmis, G. Meijer, M. Brummer, C. Kaposta, G. 
Santambrogio, L. Waste, and J . Sauer, "Gas phase infrared spectroscopy of mono- and 
divanadium oxide cluster cations," J. Chem. Phys. 120, 6461 (2004). 

48. Y. Yamada and A.W. Castleman, "Gas phase copper-carbide clusters," Chern. Phys. Lett. 
204, 133 (1993). 

49. J.E. Reddic and M.A. Duncan, "Composite samples and the generation of novel metal 
carbide clusters," Chern. Phys. Lett. 264, 157 (1997). 

50. a) S.M. Beck, "Studies of silicon cluster-metal atom compound formation in a supersonic 
molecular beam," J. Chern. Phys. 87, 4233 (1987). b) S.M. Beck, "Mixed metal-silicon 
clusters formed by chemical reaction in a supersonic molecular beam: Implications for 
reactions at the metal/silicon interface," J. Chem. Phys. 90, 6306 (1989). c) S.M. Beck, 
"Photophysical studies of bare and metal-containing silicon clusters," Adv. Metal & 
Semicon. Clusters 1, 241 (1993). 

51 . a) H. Hiura, T. Miyazaki and T. Kanayama, "Formation of Metal-Encapsulating Si Cage 
Clusters," Phys. Rev. Lett. 86, 1733 (2001). b) A. Negishi, N. Kariya, K. Sugawara, I. Arai, 
H. Hiura and T. Kanayama, "Size-selective formation of tungsten cluster-containing silicon 
cages by the reactions of Wn+ (n=1 -5) with SiH4," Chem. Phys. Lett. 388, 463 (2004). 

52. a) R. Kishi, S. Iwata, A. Nakajima and K. Kaya, "Geometric and electronic structures of 
silicon-sodium binary clusters I. Ionization energy of SinNam," J. Chern. Phys. 107, 3056 
(1997). b) R. Kishi, H. Kawamata, Y. Negishi, S. Iwata, A. Nakajima and K. Kaya, 
"Geometric and electronic structures of silicon-sodium binary clusters II. Photoelectron 
spectroscopy of SinNam· cluster anions," J. Chem. Phys. 107, 10029 (1997). c) M. Ohara, 
K. Miyajima, A. Pramann, A. Nakajima and K. Kaya, "Geometric and electronic structures of 
terbium-silicon mixed clusters (TbSin; 6 ~ n ~ 16)," J. Phys. Chem. A 106, 3702 (2002). d) 
M. Ohara, K. Koyasu, A. Nakajima and K. Kaya, "Geometric and electronic structures of 
metal-doped silicon clusters (M=Ti, Hf, Mo, W)," Chern. Phys. Lett. 371, 490 (2003). 

53. a) J.J. Scherer, J.B. Paul, C.P. Collier and R.J. Saykally, "Cavity ringdown laser absorption 
spectroscopy and time-of-flight mass spectroscopy of jet-cooled copper silicides," J. Chern. 
Phys. 102, 5190 (1995). b) J.J. Scherer, J.B. Paul, C.P. Collier and R.J. Saykally, "Cavity 

30 



( ( 

ringdown laser absorption spectroscopy and time-of-flight mass spectroscopy of jet-cooled 
silversilicides," J. Chern. Phys. 103, 113 (1995). c) J.J. Scherer, J.B. Paul, C.P. Collier, A 
O'Keefe and R.J. Saykally, "Cavity ringdown laser absorption spectroscopy and time-of­
flight mass spectroscopy of jet-cooled gold silicides," J. Chern. Phys. 103, 9187 (1995). d) 
J.J. Scherer, J.B. Paul, C.P. Collier and R.J. Saykally, "Cavity ringdown laser absorption 
spectroscopy and time-of-flight mass spectroscopy of jet-cooled platinum silicides," J. 
Chern. Phys. 104, 2782 (1996). 

54. a) V. Kumar and Y. Kawazoe, "Metal encapsulated fullerene-like cubic caged clusters of 
silicon," Phys. Rev. Lett. 87, 045503 (2001). b) V. Kumar andY. Kawazoe, "magic 
behavior of Si15M and Si1sM (M=Cr, Mo and W) clusters," Phys. Rev. B 65, 073404 (2002). 
c) V. Kumar, C. Majumder and Y. Kawazoe, "M@Si16, M=Ti, Zr, Hf: n conjugation, 
ionization potentials and electron affinities," Chern. Phys. Lett. 363, 319 (2002). d) V. 
Kumar and Y. Kawazoe, "Metal-doped magic clusters of Si, Ge, and Sn: The finding of a 
magnetic superatom," Appl. Phys. Lett. 83, 2677 (2003). e) V. Kumar, "Predictions of novel 
nanostructures of silicon by metal encapsulation," Comp. Mat. Sci. 30, 260 (2004). f) V. 
Kumar, AK. Singh andY. Kawazoe, "Smallest magic caged clusters of Si, Ge, Sn, Pb by 
encapsulation of transition ·metal atom," Nano. Lett. 4, 677 (2004). · 

55. J.-G. Han and Y.-Y. Shi , "A computational study on geometries, electronic structures and 
ionization potentials of MSi1s (M=Cr, Mo, W) clusters by density functional method," Chern. 
Phys. Lett. 266. 33 (2001). 

56. a) J.M. Pacheco, G.K. Gueorguiev and J. L. Martins, "First principles study of the possibility 
of condensed phases of endohedral silicon caged clusters," Phys. Rev. B 66, 0;33401 
(2002). b) G.K. Gueorguiev and J.M. Pacheco, "Silicon and metal nanotemplates: Size and 
species dependence of structural and electronic properties," J. Chern. Phys. 119, 10313 
(2003). 

57. a) C. Xiao, A Abraham, R. Quinn, F. Hagelberg and W.A Lester, "Comparative study on 
the interaction of scandium and copper atoms with small silicon clusters," J. Phys. Chern. A 
106, 11380 (2002). b) C. Xiao, F. Hagelberg and W.A Lester, "Geometric, energetic and 
bonding properties of neutral and charged copper-doped silicon clusters," Phys. Rev. B 66, 
075425 (2002). c) F. Hagelberg, C. Xiao and W.A Lester, "Cagelike Si12 clusters with 
endohedral Cu, Mo and W metal atom impurities," Phys. Rev. B 67, 035426 (2003). d) F. 
Hagelberg and C. Xiao, "Computational study of lrSis+ isomers," Struc. Chern. 14, 487 
(2003). e) C. Xiao, J. Blundell, F. Hagelberg and W.A Lester, :Silicon clusters doped with 
an yttrium metal atom impurity," Inti. J. Quantum Chern. 96, 416 (2004). 

58. S.N. Khanna, B.K. Rao and P. Jena, "Magic numbers in metallo-inorganic clusters: 
Chromium encapsulated in silicon cages," Phys. Rev. Lett. 89, 016803 (2002). 

59. · J. Lu and S. Nagase, "Structural and electronic properties of metal-encapsulated silicon 
clusters in a large size range," Phys. Rev. Lett. 90, 115506 (2003). 

60. T. Miyazaki, H. Hiura and T. Kanayama, "Electronic properties of transition metal atom 
doped Si cage clusters," Eur. J. Phys. 24, 241 (2003). 

61. P. Sen and L. Mitas, "Electronic structure and ground states of transition metals 
encapsulated in a Si12 hexagonal prism cage," Phys. Rev. B 68, 155404 (2003). 

62. J.-G. Han, Z.-Y. Ren and B.-Z. Lu, "Geometries and stabilities of re-doped Sin (n=1-12) 
clusters: A density functional investigation," J. Phys. Chern. A 108, 5100 (2004). 

31 



( ( 

63. 0 . Ona, V.E. Bazterra, M.C. Caputo, M.B. Ferraro, P. Fuentealba and J.C. Facelli, 
"Modified genetic algorithms to model atomic cluster structures: CuSi clusters," J. Mol. 
Struc. (Theochem.) 681, 149 (2004). 

64. G. A Somo~ai, Introduction to Surface Chemistry and Catalysis (Wiley-lnterscience, New 
York, 1994). 

65. V. E. Henrich, P. A. Cox, The Surface Science of Metal Oxides, (Cambridge University 
Press, Cambridge, 1994). 

66. C. N. Rae and B. Raveau, Transition-Metal Oxides (Wiley; New York, 1998). 

67. G.E. Brown, Jr., V. E. Henrich, W. H. Casey, D. L. Clark, C. Eggleston, A. Felmy, D. W. 
Goodman, M. Gratzel, G. Maciel, M.l. McCarthy, K.H. Nealson, D.A. Sverjensky, M.F. 
Toney and J.M. Zachara "Metal oxide surfaces and their interactions with aqueous 
solutions and microbial organisms," Chern. Rev. 99, 77 (1999). 

68. M. Fernandez-Garcfa, A. Martinez-Arias, J. C. Hanson, and J. A. Rodriguez, 
"Nanostructured Oxides in Chemistry: Characterization and Properties," Chern. Rev. 104, 
4063 (2004). 

69. J. Berkowitz, W . A Chupka, and M. G. Inghram, ''Thermodynamics of the V-0 System: 
Dissociation Energies ofVO and V02:· J. Chern. Phys. 27, 87 (1957). 

70. M. Farber, 0 . M. Uy, and R. D. Srivastava, "Effusion-Mass Spectrometric Determination of 
the Heats of Formation of the Gaseous Molecules V4010, V40 8, V02, and VO," J. Chern. 
Phys. 56, 5312 (1972). 

71 . S. L. Bennett, S. S. Lin, and P. W. Giles, "High-Temperature Vaporization of Ternary 
Systems. I. Mass Spectrometry of Oxygen-Rich Vanadium-Tungsten-Oxygen Species," J. 
Phys. Chern. 78, 266 (1974). 

72. a) H. T. Deng, K. P. Kerns, and A. W . Castleman Jr., "Formation, Structures, and 
Reactivities of Niobium Oxide Cluster Ions," J. Phys. Chern. 100, 13386 (1996). b) S. E. 
Kooi and A.W. Castleman, Jr., "Photofragmentation ofVxO/ clusters," J. Phys. Chern. A 
103, 5671 (1999). c) R. C. Bell, K. A. Zemski, D. R. Justes, and A. W. Castleman, Jr. , 
"Formation structure, and bond dissociation thresholds of gas-phase vanadium oxide 
cluster ions," J. Chern. Phys. 114, 798 (2001). 

73. M. R. France, J. W. Buchanan, J. C. Robinson, S. H. Pullins, J. L. Tucker, R. B King, and 
M. A. Duncan, "Antimony and Bismuth Oxide Clusters: Growth and Decomposition of New 
Magic Number Clusters," J. Phys. Chern. A 101 , 6214 (1997). 

74. X. Wang, Z. Gu, and Q. Qin, "A mass spectrometric study on the formation of ionic Ta­
containing oxides for laser ablation efTa and Ta20 5 in 0 2 ambient," Int. J. Mass. Spec. 188, 
205 (1999). 

75. A. Fielicke and K. Rademann, "Stability and reactivity patterns of medium-sized vanadium 
oxide cluster cations VxO/ (4:::; x :::;14)," Phys. Chern. Chern. Phys. 4, 2621 (2002). 

76. a) M. Foltin, G. J. Stueber, and E. R. Bernstein, "On the growth dynamics of neutral VxOy 
and TixOy clusters," J Chern. Phys. 111, 9577 (1999). b) M. Foltin, G. J. Stueber, and E. R. 
Bernstein, "Investigation of the structure, stability, and ionization dynamics of zirconium 

32 



( 

oxide clusters," J. Chern. Phys. 114, 8971 (2001). c) D. N. Shin, Y. Matsuda, and E. R. 
Bernstein, "On the· iron oxide neutral cluster distribution in the gas phase. II Detection 
through 118nm single photon ionization," J. Chern. Phys. 120,4157 (2004). d) Y. Matsuda, 
D. N. Shin, and E. R. Bernstein, "On the zirconium oxide neutral cluster distribution in the 
gas phase: Detection through 118nm single photon, and 193 and 355nm multiphoton 
ionization," J. Chern. Phys. 120, 4142 (2004). e) Y. Matsuda, D. N. Shin, and E. R. 
Bernstein, "On the copper oxide neutral cluster distribution in the gas phase: Detection 
through 118nm single photon, and 193 and 355nm multiphoton ionization," J. Chern. Phys. 
120, 4165 (2004). f) Y. Matsuda, and E. R. Bernstein, "Identification, Structure, and 
Spectroscopy of Neutral Vanadium Oxide Clusters," J. Phys. Chern. A 109, 314 (2005). 

77. X. Wang, S. Neukermans, F. Vanhoutte, E. Janssens, G. Verschoren, R. E. Silverans and 
P. Lievens, "Stability patterns and ionization potentials of CrxOyclusters," Appl. Phys. B 73, 
417 (2001). 

78. D. Vardhan, R. Liyanage, P. B. Armentrout, "Guided ion beam studies of the reaction of 
Nin+ with 0 2: Nickel cluster oxide and dioxide bond energies," J. Chern. Phys. 119,4166 
(2003). 

79. J. R. Sambrano, J. Andres, A Beltran, F. Sensate, and E. Longo, 'Theoretical study of the 
structure and stability of NbxOyand NbxO/ (x= 1-3; y = 2-5, 7, 8) clusters," Chern. Phys. 
Lett. 287, 620 (1998). 

80. A Chakrabarti, K. Hermann, R. Druzinin, M. Witko, F. Wagner and M. Petersen, 
"Geometric and electronic structure of vanadium pentaoxide: A density functional bulk and 
surface study," Phys. Rev. B 59, 10583 (1999). 

81. R. Zimmermann, P. Steiner, R. Claessen, F. Reinert, S. Hufnert, P. Blaha and P. Dufek, 
"Electronic structure of 3d-transition-metal oxides: On-site Coulomb repulsion versus 
covalency," J. Phys.: Condens. Matter 11, 1657 (1999). 

82. I.E. Wachs, L.E. Briand, J.-M. Jehng, L. Burcham and X. Gao, "Molecular structure and 
reactivity of the group V metal oxides," Catalysis Today 57, 323 (2000). 

83. a) S. F. Vyboischikov and J. Sauer, "Gas-Phase Vanadium Oxide Anions: Structure and 
Detachment Energies from Density Functional Calculations," J. Phys. Chern. A 104, 10913 
(2000). b) S.F. Vyboishchikov and J. Sauer, "(VzOs)n Gas-phase clusters (n=1-12) 
compared to V20 5 crystal OFT calculations," J. Phys. Chern. A 105, 8588 (2001). 

84. T. Albaret, F. Finocchi, and C. Noguera, "OFT study of stiochiometric and 0-rich titanium 
oxygen clusters," J. Chern. Phys. 113, 2238 (2000). 

85. a) M. Calatayud, B. Silvi, J. Andres, and A Beltran, "A theoretical study on the structure, 
energetics, and bonding of VO/ and VOx (x=1-4) systems," Chern. Phys. Lett. 333, 493 
(2001). b) M. Calatayud, J. Andres, and A Beltran, "A Systematic OFT Study ofVxO/ and 
VxOy (X=2,4 and Y=2-10) Systems," J. Phys. Chern. A 105, 9760 (2001). 

86. a) L. Andrews, A. Rohrbacher, C. M. Laperle, and R. E. Continetti, "Laser Induced 
Desorption of Transition-metal Atoms and Oxides from Solid Argon," J. Phys. Chern. A 104, 
8173 (2000}. b) X. Wang, and L. Andrews, "Precious metal-molecular oxygen complexes: 
Neon matrix Isolated IR Spectra and OFT for M(02) , M(02)z (M=Pd, Pt, Ag, Au)," J. Phys. 
Chern. 105, 5812 (2001). c) D. Danset, L. Manceron, and L. Andrews, 'Vibrational Spectra 

33 



J 
{ 

of Nickel and Platinum Dioxide Molecules Isolated in Solid Argon," J. Phys. Chern. A 105, 
7205 (2001 ). 

87. a) L. S. Wang, H. Wu, S. R. Desai, and L. Lou, "Electronic structure of small copper oxide 
clusters: From Cu20 to Cu20 4," Phys. Rev. B 53, 8028 (1996). b) G. L. Gutsev, B. K. Rao, 
P. Jena, X. Li, and L. S. Wang, "Experimental and theoretical study of the PES of Mnox­
clusters," J. Chern. Phys. 113, 1473 (2000). c) G. L. Gutsev, P. Jena, H. J. Zhai, and L. S. 
Wang, "Electronic structure of Cron- and CrOn from PES and OFT," J. Chern. Phys. 115, 
7935 (2001 ). d) H. J. Zhai , and L. S. Wang, "Electronic structure and chemical bonding of 
V20x clusters from anion PES," J. Chern. Phys. 117, 7882 (2002). e) G. L. Gutsev, C. W. 
Bauschlicher Jr., H. J. Zhai, and L. S. Wang, "Structural and electronic properties of FenO 
and Feno-: PES and DFT," J. Chern. Phys. 119, 11135 (2003). f) H. J. Zhai, B. Kiran, L. F. 
Cui, D. A. Dixon, and L. S. Wang, "Electronic structure and chemical bonding of Men­
clusters (M=Mo and W): PES and OFT," J. Am. Chern. Soc. 126, 16134 (2004) g) X. Yang, 
T. Waters, X. B. Wang, R. A. J. O'Hair, A. G. Wedd, J. Li, D. A. Dixon, and L. S. Wang, 
"Photoelectron spectroscopy of free poloxoanions Mos01s2

- and W60 1l- in the gas phase," 
J. Phys. Chern. A 108, 10089 (2004). 

88. a) D. S. Yang and P. A. Hackett, "ZEKE Spectroscopy of free transition-metal clusters," J. 
Elec. Spec. 106, 153 (2000). b) D. S. Yang, "Photoelectron spectra of metal-containing 
molecules with resolution better than 1 meV," Coord. Chern. Rev. 214, 187 (2001). 

89. a) A. Pram ann, Y. Nakamura, A. Nakajima and K. Kaya, "Photoelectron Spectres of Yttrium 
Oxide Cluster Anions: Effect of Oxygen and Metal Atom Addition," J. Phys. Chern. A, 105, 
7534 (2001). b) A. Pramann, Y. Nakamura, A. Nakajima and K. Kaya, "PES of Cobalt 
Oxide Cluster Anions," J. Phys. Chern. A, 106, 4891 (2002). c) A. Pramann, Y. Nakamura, 
A. Nakajima and K. Kaya, "Anion PES ofVanadium Oxide Clusters," J. Chern. Phys. 116, 
6521 (2002). 

90. a) G. Gregoire, J. Velasquez and M.A. Duncan, "Infrared Photodissociation Spectroscopy 
of Small Fe+-(C02)n and Fe+-(C02)rArm Complexes," Chern. Phys. Lett. 349, 451 (2001). b) 
G. Gregoire and M.A. Duncan, "Infrared Spectroscopy to Probe Structure and Growth 
Dynamics in Fe+-(C02)n Complexes," J. Chern. Phys. 117, 2120 (2002). 

91 . D. van Heijnsbergen, G. von Heiden, G. Meijer, P. Maitre and M.A. Duncan, "Infrared 
Spectroscopy ofV-(benzene) and V-(benzene)z Complexes in the Gas Phase," J. Am. 
Chern. Soc. 124, 1562 (2002). 

92. D. van Heijnsbergen, T. Jaeger, G. von Heiden, G. Meijer and M.A. Duncan, "Infrared 
Spectroscopy of Al+-(benzene) in the Gas Phase," Chern. Phys. Lett. 364, 345 (2002). 

93. R.S. Walters, T. Jaeger and M.A. Duncan, "Infrared Spectroscopy of Ni+-(C2H2)n 
Complexes: Evidence for lntracluster Cyclization Reactions," J. Phys. Chern. A 106, 10482 
(2002). 

94. G. Gregoire, N. Brinkman, H.F. Schaefer and M.A. Duncan, "Infrared Photodissociation 
Spectroscopy of Mg+-(C02)n and Mg+-(C02)rArm Complexes," J. Phys. Chern. A 107, 218 
(2003). 

95. M.A. Duncan, "Infrared Spectroscopy to Probe Structure and Dynamics in Metal I on­
Molecule Complexes," Inti. Rev. Phys. Chern. 22, 407 (2003). 

34 



96. R.S. Walters, T.D. Jaeger, N. Brinkman, H.F. Schaefer and M.A. Duncan, "Infrared 
Photodissociation Spectroscopy of AI+-(C02)n and AI+-(C02)nArm Complexes," J. Phys. 
Chern. A 107, 7396 (2003). 

97. N.R. Walker, G.A. Grieves, R.S. Walters and M.A. Duncan, "The Metal Coordination in 
Nr(C02)n and Ni02 +(C02)m Complexes," Chern. Phys. Lett. 380, 230 (2003). 

98. R.S. Walters, N.R. Walker, D. Pillai and M.A. Duncan, "Infrared Spectroscopy ofV'(H20) 
and V'{D20) Complexes: Ligand Deformation and An Incipient Reaction," J. Chern. Phys. 
119, 10471 (2003). 

99. N.R. Walker, R.S. Walters and M.A. Duncan, "Infrared Photodissociation Spectroscopy of 
\t(C02)n and \t(C02)nAr Complexes," J. Chern. Phys. 120, 10037 (2004). 

100. J.B. Jaeger, T.D. Jaeger, N.R. Brinkmann, H.F. Schaefer and M.A. Duncan, "Infrared 
Photodissociation Spectroscopy of Sr{C02)n and Sr(C02)nAr Complexes," Can. J. Chern., 
82, 934 (2004). 

101 . T.D. Jaeger, D. van Heijnsbergen, S. Klippenstein, G. von Heiden, G. Meijer and M.A. 
Duncan, "Infrared Spectroscopy and Density Functional Theory of Transition Metal I on­
Benzene and Dibenzene Complexes," J. Am. Chern. Soc. 126, 10981 (2004). 

102. R.S. Walters and M.A. Duncan, "Infrared Spectroscopy of Solvation and Isomers in 
Fe+(H20)1,2Arm Complexes," Austr. J. Chern. 57, 1145 (2004). 

103. T.D. Jaeger and M.A. Duncan, "Structure, Coordination and Solvation in V'(benzene)n 
Complexes via Gas Phase Infrared Spectroscopy," J. Phys. Chern. A 108, 6605 (2004). 

104. N.R. Walker, G.A. Grieves, R.S. Walters and M.A. Duncan, "Growth Dynamics and 
lntracluster Reactions in Ni+(C02)n Complexes via Infrared Spectroscopy," J. Chern. Phys. 
121, 10498 (2004). 

105. R.S. Walters, P.v.R. Schleyer, C. Corminboeuf and M.A. Duncan, "Structural Trends in 
Transition Metal Cation-Acetylene Complexes Revealed Through the C-H Stretch 
Fundamentals," J. Am. Chern. Soc. 127, 1100 (2005). 

106. J.B. Jaeger, E.D. Pillai, T.D. Jaeger and M.A. Duncan, "Ultraviolet and Infrared 
Photodissociation of Sr(CsHs)n and Si+(CsHs)Ar Clusters," J. Phys. Chern. A, in press. 

107. T.D. Jaeger and M.A. Duncan, "Infrared Photodissociation Spectroscopy of Ni+(benzene)x 
Complexes," J. Phys. Chern. A, in pre$S. 

108. E. D. Pillai, T.D. Jaeger and M.A. Duncan, "Infrared spectroscopy and density functional 
theory of small V'(N2)n clusters," J. Phys. Chern. A , submitted. 

109. N.R. Walker, R.S. Walters, C.-S. Tasi, K.D. Jordan and M.A. Duncan, "Isomers and Cluster 
Growth in the Mg+(H20)Arn System Probed with IR Spectroscopy," J. Phys. Chern. A, to be 
submitted. 

110. R.S. Walters and M.A. Duncan, "Solvation Processes in Ni+{H20)n Complexes Revealed by 
Infrared Photodissociation Spectroscopy," J. Am. Chern. Soc., to be submitted. 

35 



( 

111 . R.S. Walters, P.v.R. Schleyer and M.A. Duncan, "Structures and lntracluster Cyclization 
Reactions in Nt{C2H2)n Complexes Studied via Infrared Photodissociation Spectroscopy 
and Density Functional Theory," J. Am. Chern. Soc., to be submitted. 

112. M.S. Dresselhaus, G. Dresselhaus and P.C. Eklund, "Science of Fullerenes and Carbon 
Nanotubes," Academic Press, New York, 1996. 

113. H.W. Kroto, J.R. Heath, S.C. O'Brien, R.F. Curl and R.E. Smalley, "C60: 

Buckminsterfullerene," Nature 318, 162 (1985). 

114. AS. Koch, K.C. Khemani and F. Wudl, "Preparation of Fullerenes with a Simple Benchtop 
Reactor," J. Org. Chern. 56, 4543 (1991). 

115. Y. Chai, T. Guo, J. Changming, R.E. Haufler, L.P.F. Chibante, J. Fure, L.S. Wang, J.M. 
Alford and R.E. Smalley, "Fullerenes with Metal Inside," J. Phys. Chern. 95, 7564 (1991). 

116. M.L. Steigerwald, A.P. Alivisatos, J.M. Gibson, T.D. Harris, R. Kortan, A.J . Muller, A.M. 
Thayer, T.M. Duncan, D.C. Douglass and L.E. Brus, "Surface Derivatization and Isolation of 
Semiconductor Cluster Molecules," J. Am. Chern. Soc. 110, 3046 (1988). b) M.C. 
Bawendi, M.L. Steigerwald and L.E. Brus, ''The Quantum Mechanics of Larger 
Semiconductor Clusters ("Quantum Dots"), Annu. Rev. Phys. Chern. 41 , 477 (1990). c) L. 
Brus, "Chemical Approaches to Semiconductor Nanocrystals," J. Phys. Chern. Solids 59, 
459 (1998). d) L. Brus, "Capped Nanometer Silicon Electronic Materials," Adv. Mater. 5, 
286 (1993). 

117. A.A. Guzelian, U. Banin, J.C. Lee and A.P. Alivisatos, "Preparation and Properties of lnAs 
and lnP Nanocrystals," Adv. Metal Semiconductor Clusters 4, 1 (1998). 

118. a} C. B. Murray, C.R. Kagan and M.G. Bawendi, "Synthesis and Characterization of 
Monodisperse Nanocrystals and Close-packed Nanocrystal Assemblies," Ann. Rev. Mater. 
Sci. 30, 545 (2000). b) F.V. Mikulec, M. Kuno, M. Bennati, D.A. Hall, RG. Griffin and M.G. 
Bawendi, "Organometallic Synthesis and Spectroscopic Characterization of Manganese­
Doped CdSe Nanocrystals," J. Am. Chern. Soc. 122, 2532 (2000). 

119. a) G. Schmid, "Large Metal Clusters and Colloids: Metals in the Embryonic State," Prog. 
Colloid Polym. Sci. 111, 52 (1998). b) G. Schmid, S. Emde, V. Maihack, W. Meyer-Zaika 
and S. Peschel, "Synthesis and Catalytic Properties of Large Ligand-Stabilized Palladium 
Clusters, J. Mol. Catal. A 107, 95 (1996). c) G. Schmid, "Chemical Synthesis of Large 
Metal Clusters and Their Properties," Nanostruc. Mater. 6, 15 (1996). 

120. a) B. Nikoobakht, Z. L. Wang and M.A. EI-Sayed, "Self Assembly of Gold Nanorods," J. 
Phys. Chern. B 104, 8635 (2000). b) Z.L. Wang, M.B. Mohamed, S. Link and M.A. EI­
Sayed, "Crystallographic Facets and Shapes of Gold Nanorods of Different Aspect Ratios," 
Surf. Sci. 440, L809 (1999). c) M.B. Mohamed, Z.L. Wang and M.A. EI-Sayed, 
''Temperature-Dependent Size-Controlled Nucleation and Growth of Gold Nanoclusters," J. 
Phys. Chern. A 103, 10255 (1999). 

121 . R.L. Whetten, J.T. Khoury, M.M. Alvarez, S. Murthy, I. Vezmarand Z.L. Wang, 
"Nanocrystal Gold Molecules," Adv. Materials 8, 428 (1996). 

122. C. Hayashi, R. Uyeda, and A Tasaki, Ultra-Fine Particles (Noyes, Westwood, 1997). 

36 



( ( 

123. M. T Pope and A. Muller, Polyoxometa/ate Chemistry From Topology via Self -Assembly to 
Applications (Kiuwer, Boston, 2001 ). 

124. Khan, M. l.; Yohannes, E.; Doedens, R. J. "Materials composed of arrays of vanadium 
oxide container molecules," lnorg. Chern. 2003, 42, 3125. 

125. a) J. Rockenberger, E.C. Scher and A.P. Alivisatos, "A New Nonhydrolytic Single-Precursor 
Approach to Surfactant-Capped Nanocrystals of Transition Metal Oxides," J. Am. Chem. 
Soc. 121, 11595 (1999). b) F. Nolting, J. Luning, J. Rockenberger, J. Hu, .and A. P. 
Alivisatos, "A PEEM Study of Small Agglomerates of Colloidal Iron Oxide Nanocrystals," 
Surf. Rev. and Lett. 9, 437 (2002). 

126. E. Kang, J. Park, Y. Hwang, M. Kang, J. G. Park, and T. Hyeon, "Direct Synthesis of Highly 
Crystalline and Monodispersed Manganese Ferrite Nanocrystals," J. Phys. Chern. B 108, 
13932 (2004). 

127. T.M. Ayers, J.L. Fye, Q . Li and M.A. Duncan, "Synthesis and Isolation of Titanium Metal 
Cluster Complexes and Ligand-coated Nanoparticles with a Laser Vaporization Flowtube 
Reactor," J. Clus. Sci. 14, 97 (2003). 

128. a) W. Mahoney, M.D. Kempe and R.P. Andres, "Aerosol Synthesis of Metal Oxide, Nitride 
and Carbide Nanoparticles using an Arc Evaporation Source," Mater. Res. Soc. Symp. 
Proc. 400, 65 (1996). b) W. Mahoney and R.P. Andres, "Aerosol Synthesis of Nanoscale 
Clusters using Atmospheric Arc Evaporation," Mater. Sci. Eng. A A204, 160 (1995). c) R.S. 
Bowles, J.J. Kolstad, J.M. Calo and R.P. Andres, "Generation of Molecular Clusters of 
Controlled Size," Surf. Sci. 106, 117 (1981). 

129. a) A.M. Rao, P. Zhou, K.A. Wang, G.T. Hager, J.M. Holden, Y. Wang, W.T. Lee, X.X. Bi, 
P.C. Eklund, D.S. Cornett, M.A. Duncan, and I.J. Amster, "Photo-induced Polymerization of 
Solid C60 Films," Science 259, 955 (1993). b) D.S. Cornett, I.J. Amster, M.A. Duncan, AM 
Rao, and P.C. Eklund, "Laser Desorption Mass Spectrometry of Photopolymerized C6o 
Films," J. Phys. Chem. 97, 5036 (1993). c) A.M. Rao, P.C. Eklund, U.D. Venkateswaran, J. 
Tucker, M.A. Duncan, G. Bendele, P.W. Stephens, J.L. Hodeau, L. Marques, M. Nunez­
Regueiro, 1.0. Bashkin, E.G. Ponyatovsky and A.P. Morovsky, "Properties of C6o 
polymerized under high pressure and temperature," Appl. Phys. A 64, 231 (1997). 

130. A. Fielicke, A. Kirilyuk, C. Ratsch, J. Behler, M. Scheffler, G. von Heiden and G. Meijer, 
"Structure determination of isolated metal clusters via far-infrared spectroscopy," Phys. 
Rev. Lett. 93, 023401 (2004). 

131. J.A. Alonso, "Electronic and Atomic Structure, and Magnetism of Transition Metal Clusters," 
Chern. Rev. 1 00, 637 (2000). 

132. J. Headrick, E.G. Diken, R.S. Walters, N.l. Hammer, R.A. Christie, J. Cui, E.M. Myshakin, 
M.A. Duncan, M.A. Johnson and K.D. Jordan, "The shared nature of the hydrated proton 
from the cluster perspective," Nature, under review. 

133. a) M. Haruta, T. Kobayashi, H. Sano, N. Yamada, Novel gold catalysts for the oxidation of 
carbon monoxide at a temperature far below 0°C," Chem. Lett. 34, 405 (1987). b) Y. 
lizuka, H. Fujiki, N. Yamauchi, T. Chijiiwa, S. Arai, S. Tsubota and M. Haruta, "Adsorption 
of CO on gold supported on Ti02," Catal. Today 36, 115 (1997). c) M. Haruta, "Size- and 
support-dependency in the catalysis of gold, ."Catal. Today 36, 153 (1997). d) M. Okumura, 
T. Akita and M. Haruta, "Hydrogenation of 1 ,3-butadiene and of crotonaldehyde over highly 

37 



( 

dispersed Au catalysts," Catal. Today 72, 265 (2002). e) H. Sakurai, A Ueda, T. 
Kobayashi and M. Haruta, "Low-temperature water-gas shift reaction over gold deposited 
on Ti02," Chern. Comm. 1997, 271 . d) M, Haruta, "Catalysis by gold nanoparticles," Encyc. 
Nanosci. Nanotech. 1, 655 (2004). 

134. M. Vaiden, X. Lai , D. W . Goodman, Onset of Catalytic Activity of Gold Clusters on Titania 
with the Appearance of Nonmetallic Properties," Science 281, 1647 (1998)~ 

135. a) A Sanchez, S. Abbet, U. Heiz, W.-D. Schneider, H. Hakkinen, R.N Barnett and U. 
Landman, When Gold Is Not Noble: Nanoscale Gold Catalysts," J. Phys. Chern. A 103, 
9573 (1999). b) H. Hakkinen, S. Abbet, A Sanchez, U. Heiz, U. Landman, Structural, 
electronic, and impurity-doping effects in nanoscale chemistry: supported gold 
nanoclusters," Angew. Chern. Int. Ed. Engl. 42, 1297 (2003). 

136. N. Lopez, J. K. Norskov, "Catalytic oxidation by a gold nanoparticle: A density functional 
study," J. Am. Chern. Soc. 124, 11262 (2002). 

137. A Cho, "Connecting the dots to custom catalysis," Science 299, 1684 (2003). 

138. AT. Bell, "The impact of nanoscience on heterogeneous catalysis, Science 299, 1688 
(2003). 

139. C. Lemire, R. Meyer, S. Shaikhutdinov, H.-J. Freund, Do quantum size effects control CO 
adsorption on gold nanoparticles?," Angew. Chern. Int. Ed. Engl. 43, 118 (2004). 

140. J. Guzman; B. C. Gates, "Catalysis by Supported Gold: Correlation between Catalytic 
Activity for CO Oxidation and Oxidation States of Gold ," J. Am. Chern. Soc. 126, 2672 
(2004). 

141 . Y. D. Kim, M. Fischer, G. Gantefor, "Origin of unusual catalytic activities of Au-based 
catalysts," Chern. Phys. Lett. 377, 170 (2003). 

142. M.S. Chen and D.W. Goodman, ''The structure of catalytically active gold on titania," 
Science 306, 252 (2004). 

143. C.T. Campbell, ''The active site in nanoparticle gold catalysis," Science 306, 234 (2004). 

144. B. Yoon, H. Hakkinen, U. Landman, AS. Worz, J.M. Antonetti , S. Abbet, K. Judai and U. 
Heiz, "Charging effects on bonding and catalyzed oxidation of CO on Au8 clusters on MgO," 
Science 307, 403 (2005). 

145. W. T. Wallace, R. L. Whetten, Coadsorption of CO and 0 2 on Selected Gold Clusters: 
Evidence for Efficient Room-Temperature C02 Generation," J. Am. Chern. Soc. 124, 7499 
(2002). 

146. G. Mills, M. S. Gordon, H. Metiu, ''The adsorption of molecular oxygen on neutral and 
negative Aun clusters (n=2-5) ," Chern. Phys. Lett. 359, 493 (2002). 

147. a) B. Yoon, H. Hakkinen, U. Landman, J. Phys. Chern. A 107, 4066 (2003). b) L. D. 
Socaciu, J. Hagen, T.M. Barnett, L. Waste, U. Heiz, H. Hakkinen and U. Landman, 
"Catalytic CO oxidation by free Au2·: Experiment and theory," J. Am. Chern. Soc. 125, 
10437 (2003). 

38 



( ( 

148. D. Stolcic, M. Fischer, G. Gantefor, Y.D. Kim, Q . Sun and P. Jena, "Direct observation of 
key reaction intermediates on gold clusters," J. Am. Chern. Soc. 125, 2848 (2003). 

149. M.L. Kimble and A.W. Castleman, Jr., "Gas-phase studies of AunOm+ interacting with 
carbon monoxide," Inti. J. Mass Spectrom. 233, 99 (2004). 

150. T.D. Jaeger, A. Fielicke, G. von Heiden, G. Meijer and M.A. Duncan, "Infrared 
Spectroscopy of Water Adsorption on Vanadium Cluster Cations (V/ ; x=3-15)," Chern. 
Phys. Lett. 392, 409 (2004). 

151. a) A. Simon, W. Jones, J.-M. Ortega, P. Beissel, J. Lemaire and P. Maitre, "Infrared 
Multiphoton Dissociation Spectroscopy of Gas-Phase Mass-Selected Hydrocarbon-Fe + 
Complexes," J. Am. Chern. Soc. 126, 11666 (2004). b) S. le Caer, M. Heninger and P. 
Maitre, H. Mestdagh, "Accurate measurement of the relative bond energies of CO and H20 
ligands in Fe+ mono- and bis-ligated complexes, Rap. Comm. Mass Spectrom. 17, 351 
(2003). c) J. Lemaire, P. Beissel, M. Heninger, G. Mauclaire, G. Bellec, H. Mestdagh, A. 
Simon, S. Le Caer, J.M. Ortega, F. Glotin and P. Maitre, "Gas Phase Infrared Spectroscopy 
of Selectively Prepared Ions," Phys. Rev. Lett. 89, 273002 (2002). 

152. a) J. Oomens, D.T. Moore, G. von Heiden, G. Meijer, R.C. Dunbar, "The Site of Cr+ 
Attachment to Gas-Phase Aniline from Infrared Spectroscopy," J. Am. Chern. Soc. 126, 
724 (2004). b) D.T. Moore, J. Oomens, J.R. Eyler, G. Meijer, G. von Heiden and D.P. 
Ridge, "Gas-Phase IR Spectroscopy of Anionic Iron Carbonyl Clusters," J. Am. Chern. Soc. 
126, 14726 (2004). 

153. a) R.C. Bell, K.A. Zemski , K.P. Kerns, H.T. Deng and A.W. Castleman, Jr., "Reactivities 
and CID ofVxO/ clusters," J. Phys. Chern. A 1998, 102, 1733. b) R.C. Bell, K.A. Zemski 
and A.W. Castleman, Jr., "Size-Specific Reactivities of VxO/ clusters," J. Clus. Sci. 10, 509 
(1999). c) K. A. Zemski, R. C. Bell, and A.W. Castleman, Jr., "Reactions ofTaxO/ clusters 
cations with 1-Butene, 1 ,3-Butadiene, and Benzene," J. Phys. Chern. A 104, 5732 (2000). 
d) K. A Zemski, D. R. Justes, R. C. Bell, and A. W. Castleman, Jr., "Reactions of Niobium 
and Tantalum Oxides Cluster Cations and Anions with n-Butane," J. Phys. Chern. A 105, 
4410 (2001 ). e) K. A. Zemski, D. R. Justes, and A. W . Castleman, Jr., "Reactions of Group 
V Transition-metal Oxide Cluster lon with Ethane and Ethylene," J. Phys. Chern. A 105, 
10237 (2001). f) K. A Zemski, D. R. Justes, and A. W . Castleman, Jr., "Studies of metal 
oxide clusters: Elucidating reactive sites responsible for the activity of transition-metal oxide 
catalysts," J. Phys. Chern. B 106, 6136 (2002). g) D. R. Justes, R. Mitric, N. A. Moore, V. 
Bonacic-Koutecky, and A. W. Castleman, Jr., ''Theoretical and Experimental consideration 
of the reactions between VxO/ and ethylene," J. Am. Chern. Soc. 125, 6289 (2003). h) D. 
R. Justes, N. A. Moore, and A. W. Castleman Jr. , "Reactions of Vanadium and Niobium 
Oxides with Methanol," J. Phys. Chern. B 108, 3855 (2004). 

39 



( ( 

Principle Investigator Time 

The PI, Professor Michael A. Duncan, is budgeted for 2/3 research and 1/3 

teaching during the regular academic year. This means that his regular teaching load is 

one class with three contact hours per week. He is budgeted for 100% research in the 

summer, with no teaching other than the supervision of graduate students. 

Duncan's research time is divided between three project areas supported with 

· major grants (AFOSR, NSF, DOE). There is some slight overlap between the present 

project and the DOE project, as both have a component of IR spectroscopy on cluster 

adsorbate complexes. Approximately 1/3 of Duncan's research time will be spent on 

the proposed work during both the academic year and the summer. 

The Duncan research group consists of eight graduate students, two 

undergraduate research students and no postdoctoral fellows. Two of the grad students 

are supported by the present AFOSR project. Two Ph.D. students presently in their 

second and third year (Prosser Carnegie -B.S. Wofford College and Tim Ayers- B.S. 

University of West Georgia) will be supported if this project is renewed. One student will 

focus on the gas phase work and one will focus on the synthetic work. 

40 



Key Personnel: 

Michael A. Duncan 

Department of Chemistry.L..University of Georgia, Athens, GA 30602 
Phone: 706-542-1998; Fax: 706-542-1234 
email: maduncan@uga.edu; website: http://www.arches.uga.edu/-maduncan 

Personal 

SSN: 249.:.96-4239 
Born: November 17, 1953, Greenville, SC 
Married: Debra M. Duncan, 8/28/76-present 
Children: Katherine M. Duncan (b. 5/7/83), Allison J. Duncan (b.4/4/86) 
Residence: 165 Gibbons Way, Athens, GA 30605. 706-353-3125 

Education 

B.S. Chemistry, 1976, Furman University. Research Advisor - Lon B. Knight 
Ph.D. , Physical Chemistry, 1982, Rice University. Thesis Advisor- Richard E. Smalley 

Professional Appointments 

1981 National Research Council (NRC) Postdoctoral Fellow, Joint Institute for Laboratory 
Astrophysics, National Bureau of Standards, and University of Colorado (JILA). 
Advisor - Stephen R. Leone 

1983 Assistant Professor, University of Georgia 
1988 Associate Professor, University of Georgia 
1992 Professor of Chemistry, University of Georgia 
1995 Distinguished Research Professor, University of Georgia 

Professional Affiliations 

American Chemical Society (Phys. Div.); American Physical Society (Chern. Phys. Div.); 
American Association for the Advancement of Science 

Awards and Honors 

University of Georgia Creative Research Medal, 1994 
Visiting Professor, National Science Council, Taiwan, R.O.C., April1998 
Yamada Foundation Visiting Professor, Keio University, Hiyoshi, Yokohama, Japan, 

October 1998 
Visiting Professor, University of Nijmegen, The Netherlands, May-June 1999; May 2000 
Visiting Professor, F.O.M. Laboratory for Plasma Physics, Nieuwegein, The Netherlands, 

August 2001 
Fellow of the American Physical Society, 2001 
Fellow of the American Association for the Advancement of Science, 2004 

41 


